Despite the critical role of the human microbiota in health, our understanding of microbiota compositional dynamics during and after pregnancy is incomplete. We conducted a case-control study of 49 pregnant women, 15 of whom delivered preterm. From 40 of these women, we analyzed bacterial taxonomic composition of 3,767 specimens collected prospectively and weekly during gestation and monthly after delivery from the vagina, distal gut, saliva, and tooth/ gum. Linear mixed-effects modeling, medoid-based clustering, and Markov chain modeling were used to analyze community temporal trends, community structure, and vaginal community state transitions. Microbiota community taxonomic composition and diversity remained remarkably stable at all four body sites during pregnancy (P > 0.05 for trends over time). Prevalence of a Lactobacillus-poor vaginal community state type (CST 4) was inversely correlated with gestational age at delivery (P = 0.0039). Risk for preterm birth was more pronounced for subjects with CST 4 accompanied by elevated Gardnerella or Ureaplasma abundances. This finding was validated with a set of 246 vaginal specimens from nine women (four of whom delivered preterm). Most women experienced a postdelivery disturbance in the vaginal community characterized by a decrease in Lactobacillus species and an increase in diverse anaerobes such as Peptoniphilus, Prevotella, and Anaerococcus species. This disturbance was unrelated to gestational age at delivery and persisted for up to 1 y. These findings have important implications for predicting premature labor, a major global health problem, and for understanding the potential impact of a persistent, altered postpartum microbiota on maternal health, including outcomes of pregnancies following short interpregnancy intervals.
Despite the critical role of the human microbiota in health, our understanding of microbiota compositional dynamics during and after pregnancy is incomplete. We conducted a case-control study of 49 pregnant women, 15 of whom delivered preterm. From 40 of these women, we analyzed bacterial taxonomic composition of 3,767 specimens collected prospectively and weekly during gestation and monthly after delivery from the vagina, distal gut, saliva, and tooth/ gum. Linear mixed-effects modeling, medoid-based clustering, and Markov chain modeling were used to analyze community temporal trends, community structure, and vaginal community state transitions. Microbiota community taxonomic composition and diversity remained remarkably stable at all four body sites during pregnancy (P > 0.05 for trends over time). Prevalence of a Lactobacillus-poor vaginal community state type (CST 4) was inversely correlated with gestational age at delivery (P = 0.0039). Risk for preterm birth was more pronounced for subjects with CST 4 accompanied by elevated Gardnerella or Ureaplasma abundances. This finding was validated with a set of 246 vaginal specimens from nine women (four of whom delivered preterm). Most women experienced a postdelivery disturbance in the vaginal community characterized by a decrease in Lactobacillus species and an increase in diverse anaerobes such as Peptoniphilus, Prevotella, and Anaerococcus species. This disturbance was unrelated to gestational age at delivery and persisted for up to 1 y. These findings have important implications for predicting premature labor, a major global health problem, and for understanding the potential impact of a persistent, altered postpartum microbiota on maternal health, including outcomes of pregnancies following short interpregnancy intervals.
16S rRNA gene | pregnancy | preterm birth | microbiome | premature labor T he human body harbors diverse, complex, and abundant microbiota whose composition is determined largely by body site but also by host genetics, environmental exposures, and time (1, 2) . The microbiota plays critical roles in health and in disease, including nutrient acquisition, immune programming, and protection from pathogens (3) . Normal pregnancy represents a unique, transient, and dynamic state of altered anatomy, physiology, and immune function. Preterm birth, i.e., before 37 wk of gestation, occurs in 11% of pregnancies and is the leading cause of neonatal death (4) . In both term and preterm pregnancies, the interplay between the microbiota and the host remains poorly understood.
Approximately 25% of preterm births are associated with occult microbial invasion of the amniotic cavity (5) . Evidence suggests that the most common source of invading microbes is the host microbiota. In studies of amniotic fluid from women with preterm labor and either intact or ruptured membranes, 16S ribosomal RNA (rRNA) sequences of known vaginal, gut, and oral indigenous bacterial species have been recovered in 15-50% of cases, and their relative abundances have correlated directly with markers of inflammation and inversely with time to delivery (6) (7) (8) (9) . Preterm birth also is associated with bacterial vaginosis, a community-wide alteration of the vaginal microbiota (10, 11) that increases the risk of preterm birth approximately twofold (12, 13) .
Several studies have examined the vaginal microbiota during pregnancy using cultivation-independent techniques (14) (15) (16) (17) (18) (19) . Collectively, these studies found the vaginal communities of pregnant women to be dominated by Lactobacillus species and characterized by lower richness and diversity than in nonpregnant women but with higher stability. Of the two studies that evaluated pregnancy outcomes, one found preterm birth to be linked with higher intracommunity (alpha) diversity in the vagina (16) , but the other found no significant association between preterm birth and any specific community type or microbial taxon (17) .
Other (nonvaginal) body sites have been even less well studied in the setting of pregnancy. The subgingival crevice has been investigated only with cultivation (20, 21) or with taxon-specific molecular approaches (22) . Two studies of the fecal microbiota reported differences in bacterial community structure between the first and third trimesters (23, 24) ; in each study, however, samples were collected at only two time points. These limited
Significance
The human indigenous microbial communities (microbiota) play critical roles in health and may be especially important for mother and fetus during pregnancy. Using a case-control cohort of 40 women, we characterized weekly variation in the vaginal, gut, and oral microbiota during and after pregnancy. Microbiota membership remained relatively stable at each body site during pregnancy. An altered vaginal microbial community was associated with preterm birth; this finding was corroborated by an analysis of samples from an additional cohort of nine women. We also discovered an abrupt change in the vaginal microbiota at delivery that persisted in some cases for at least 1 y. Our findings suggest that pregnancy outcomes might be predicted by features of the microbiota early in gestation.
findings support the need for longitudinal investigations of the microbiota at multiple body sites during pregnancy.
As part of a larger ongoing study, we examined a total of 49 women who were divided into two groups, each of which included controls (term deliveries) and cases (preterm deliveries). We characterized the temporal dynamics of microbiota composition based on prospective weekly sampling during pregnancy from four body sites: vagina, distal gut (stool), saliva, and tooth/ gum, as well as after delivery. Our data reveal microbiota compositional stability during pregnancy at all body sites, a diverse vaginal community state early during pregnancy in women who subsequently delivered prematurely, and a dramatic shift in vaginal microbiota composition at the time of delivery that in some cases persisted for the maximum duration of postpartum sampling (1 y).
Results
We studied 49 women, 40 of whom contributed samples for a discovery dataset (11 of these 40 women delivered preterm) and nine of whom contributed samples for a validation dataset (four of these nine women delivered preterm). Demographic and baseline clinical characteristics of the study population appear in SI Appendix , Table S1 . The first group of 40 subjects provided 3,767 clinical specimens (SI Appendix, Fig. S1 ) that were analyzed at a mean depth of 5,125 filtered, high-quality pyrosequencing reads per sample (19, 306 ,851 total reads). This discovery dataset was used to characterize temporal dynamics of the microbiota at four body sites (vaginal, stool, saliva, tooth/gum) and to identify stereotypic community features associated with preterm birth. The second group of nine subjects provided 246 vaginal specimens that were analyzed at a mean depth of 203,391 filtered, high-quality Illumina reads per sample (50,034,186 total reads); this validation dataset was used to test features of the vaginal community identified in the discovery dataset as being associated with preterm birth. SI Appendix, Table S2 presents additional details of the 15 women in total who delivered preterm (before gestational week 37). Pregnancy. We evaluated spatial and temporal trends in the structure of the bacterial communities of each body site during pregnancy in a group of 40 women by using a linear mixed-effects (LME) model to regress alpha diversity measures against gestational time while accounting for the subject-structure of these longitudinal data by treating the subject as a random effect. No significant trend in the Shannon diversity index was found for any of the four body sites during the course of gestation (P > 0.05, t test) (Fig. 1A) . This finding was robust to other alpha diversity measures (SI Appendix, Fig. S2 ). Similarly, no significant trends over gestational time were observed in the weighted UniFrac distance between same-subject communities sampled in consecutive weeks (i.e., weekly instability) for any of the four body sites (P > 0.05, t test) (Fig. 1B) . This finding also was robust to the choice of distance measure (SI Appendix, Fig. S3 ). There was no particular week (or series of weeks) of pregnancy in which large, coordinated shifts occurred.
The average pairwise-weighted UniFrac distance between communities in different subjects was used as an estimate of beta diversity. We evaluated the significance of beta diversity trends with a permutation test in which the null-distribution of our test statistic was estimated from the ensemble of randomly time-reversed subjects (SI Appendix, SI Methods). We found no significant trend with time at any of the four body sites (P > 0.05, permutation test) (Fig.  1C) . Similarly, this finding was robust to the choice of distance measure for quantifying beta diversity (SI Appendix, Fig. S4 ).
If consecutive weekly instability were gradual and consistent, then microbiota composition near the end of pregnancy should be distinct from that near the start, although other types of dynamics (e.g., oscillations) might not give rise to this distinction. However, as did the statistical summaries of these communities, the average taxonomic composition remained constant over gestational time. This compositional stability was illustrated by nonmetric multidimensional scaling ordination of Bray-Curtis distances based on relative operational taxonomic unit (OTU) abundances, which revealed significant overlap between communities sampled early in pregnancy and those sampled late in pregnancy at all body sites (SI Appendix, Fig. S5 ). Furthermore, almost none of the most prevalent OTUs (those present in >25% of samples) exhibited significant shifts in relative abundance between early and late in pregnancy (SI Appendix, Table S3 ).
Taken together, these results suggest that the progression of pregnancy is not associated with a dramatic remodeling of the diversity and composition of a woman's indigenous microbiota.
Vaginal Community State Types of Pregnancy. With the data from the 40 women in the first subject group, we applied de novo clustering, based on relative OTU abundances, to the samples from each body site to explore community structure and to reduce dimensionality. For the vaginal communities, this analysis yielded a set of four community state types (CSTs) comprising highly uneven communities dominated by different species of Lactobacillus and a fifth CST that was characterized by much greater evenness and taxonomic diversity (Fig. 2) . These CSTs corresponded well to those described by Ravel et al. (11, 25) and thus were numbered A B C Fig. 1 . Human-associated bacterial communities are stable during pregnancy. Based on the data from the first group of 40 women, the estimated trends of alpha diversity, weekly instability (weekto-week variation within subjects), and beta diversity with gestational time are insignificant (P > 0.05) at all body sites. (A) Shannon diversity is plotted against gestational time for specimens taken from the vagina, stool, saliva, and tooth/gum. Blue lines indicate the linear mixed-effects regression of diversity on time with grouping by subject. Shading indicates the 95% confidence interval (CI). Because vaginal diversity and stability data were highly skewed, they were log-transformed before fitting to improve normality. (B) Weighted-UniFrac distance between same-subject samples taken 1 wk apart is plotted against gestational time. Red lines indicate the lme regression, and the shaded area indicates the 95% CI. (C) Average weighted-UniFrac distance between different-subject samples taken within the same gestational week is plotted against gestational time. The green lines indicate the linear fit, and the shading indicates the 95% CI as estimated by a permutation bootstrap (SI Appendix, SI Methods).
concordantly: CST 1, Lactobacillus crispatus-dominant; CST 2, Lactobacillus gasseri-dominant; CST 3, Lactobacillus iners-dominant; CST 4, diverse community; and CST 5, Lactobacillus jensenii-dominant. The pregnancy-associated communities at the other body sites (stool, saliva, and tooth/gum) could not be represented by a small number of discrete CSTs. Intraindividual vaginal community states were generally stable on the time scale of weeks (Fig. 3A) . However, substantial interindividual variability was observed with respect to both the most prevalent CST and the frequency of inter-CST transitions. Some subjects (e.g., T11) stably maintained a single CST throughout gestation, whereas other subjects (e.g., T6) exhibited relatively frequent transitions between CSTs. Notably, the frequency of interstate transitions did not appear to be associated with either healthy term delivery or preterm delivery.
Because vaginal communities exhibited interstate transitions, we represented vaginal CST dynamics as a Markov chain. Fig. 3B presents a Markov chain generated by inferring inter-CST transition probabilities from our data (SI Appendix, Table S4 ). Our model indicated that the four Lactobacillus-dominated CSTs (CSTs 1, 2, 3, and 5) were more stable (had higher self-transition probabilities) than the diverse CST (4). This finding is qualitatively similar to the observations of Gajer et al. of CSTs in nonpregnant women (25) ; however, the Lactobacillus-dominated CSTs were more stable in our cohort (SI Appendix, SI Discussion).
The structure of the observed inter-CST transition patterns also is of interest. CST 2 (L. gasseri-dominated) had the fewest connections. Indeed, in our cohort, CST 2 was not observed to be reachable from any other CST, and when CST 2 transitioned to another state, it transitioned only to CST 1 (L. crispatus-dominated). In contrast, CST 4 was the most interconnected and was the only state exhibiting bidirectional transitions with three other CSTs (all except CST 2).
The High-Diversity Vaginal CST Was Associated with Preterm Birth.
The observed CSTs exhibited substantially different strengths of association with preterm birth (Fig. 3B and SI Appendix, Table   S5 ). In particular, the Lactobacillus-poor CST 4 community exhibited a much stronger association with preterm delivery than did any of the Lactobacillus-dominated CSTs (1-3, 5).
We next explored the relationship of preterm birth with temporal features of the CST 4 community. We found the duration and proportion of time during which a woman's vaginal community remained in CST 4 to be associated with preterm birth. Fig. 4A demonstrates that CST 4 prevalence is correlated with an earlier gestational age at delivery (P = 1.1 × 10 −4 , Pearson; P = 0.015, Spearman). This correlation remained significant after correcting for the effect of white or nonwhite race (P = 2.5 × 10 −4 , Pearson; P = 0.046, Spearman). This association between CST 4 and preterm birth was present at every time window during gestation, suggesting that the value of CST 4 in predicting preterm birth begins early in pregnancy (Fig. 4B ).
Gardnerella and Ureaplasma Abundances Stratify Preterm Risk for
Women with the High-Diversity Vaginal CST. We tested CST 4 samples from the first group of subjects (n = 40) for associations between the relative abundances of individual taxa and preterm delivery. The nonindependence of samples from the same subject, combined with heterogeneity in the number and timing of samples from different subjects in our study, complicated this comparison. Therefore, we tested under the two extreme but contrary models of sample dependence-complete sample independence and complete dependence of samples within subjects-with the recognition that these two models bound the actual solution.
When CST 4 samples were treated independently, both Ureaplasma (P adj = 5 × 10
, Benjamini-Hochberg-corrected Wald test) and Gardnerella (P adj = 1.5 × 10
) had strong positive associations with preterm birth. When CST 4 samples within subjects were treated completely nonindependently (by merging the CST 4 samples from each subject before testing) only the association with Gardnerella remained significant (P adj = 0.054). Although caution is warranted because of the small number of subjects, these findings suggest that in the setting of low Lactobacillus abundance, a high abundance of Gardnerella in particular may increase the risk of preterm birth. In addition, Ureaplasma deserves further investigation as a risk factor (SI Appendix, SI Discussion). ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) CST time course of the 40 subjects from the first subject group. Color indicates CST as shown in the key; the black parenthesis indicates delivery. Subjects P1-P7 delivered preterm (before gestational week 37); subjects M1-M5 were considered marginal (gestational week 37); subjects T1-T28 delivered at term (>37 gestational weeks). Marginal subjects were excluded when calculating associations with preterm birth. (B) Dynamics of the vaginal communities were approximated as a Markov chain with subject-independent transition probabilities between CSTs. Arrow weights are proportional to the maximum-likelihood-estimate of the week-to-week transition probabilities between states. Node sizes scale with the number of subjects in which the CST was seen. Color indicates the strength of the association with preterm birth (i.e., the proportion of the specimens from the CST that came from subjects who delivered preterm). The self-transition probabilities are shown numerically.
Evaluation of a Second Group of Nine Women for Putative Preterm Risk Factors Identified in Vaginal Communities from the First Group
of 40 Women. We used the data from an additional group of nine women as a validation set for three preterm risk factors identified in our discovery dataset: (i) CST 4 (for which <50% Lactobacillus was used as a proxy); (ii) CST 4 with abundant Gardnerella; and (iii) CST 4 with abundant Ureaplasma. In this group of subjects, four women had multiple CST 4 samples collected during pregnancy; two of these women delivered preterm. Given that four of nine women delivered preterm, this is a neutral result for CST 4 alone when used as a simple binary trait for classification. However, when women with CST 4 vaginal communities were evaluated for high abundance of either Gardnerella or Ureaplasma, both community profiles were associated with preterm birth. Two women with multiple CST 4 samples had abundant Ureaplasma, and both delivered preterm. One of these two women also had abundant Gardnerella (SI Appendix, Fig. S6 ). Although these numbers are very small, these findings corroborate the microbial community features identified in our discovery dataset as exhibiting the strongest associations with preterm birth.
Effect of Sampling Frequency on Study Findings. We assessed whether sampling less frequently than weekly would have affected overall study findings. We found that most vaginal CSTs in the discovery dataset had persistence times of many weeks: CST 1, 48.1 wk; CST 2, 40.5 wk; CST 3, 7.5 wk; CST 5, 5.4 wk; however, CST 4 had a much shorter persistence time, 2.6 wk. Therefore, a longer sampling interval would have disproportionately impacted the ability to detect excursions into CST 4 and to estimate the proportion of time that a woman spent in CST 4, the state most strongly associated with preterm birth (Figs. 3 and 4A and SI Appendix, Table S5 ). The communities at other body sites did not cluster into CSTs, so persistence times could not be extracted in the same manner. However, the average distance between communities was assessed as a function of their separation in time, or lag (SI Appendix, Fig.  S7 ). In the oral communities the increased similarity between samples collected closely in time decayed on a roughly monthly time scale. The results for the stool community were less clear.
Delivery Was Accompanied by a Strong Disruption of Vaginal Community
Structure in Most Women. Twenty-five of the 40 women in the first subject group provided at least one postpartum sample, and several women provided samples for up to 1 y after delivery (SI Appendix, Fig. S1 ). We found that delivery typically was accompanied by a significant change in vaginal community structure, the clearest feature being a sharp increase in diversity after delivery (Fig. 5 and   SI Appendix, Fig. S8 ). However, this increase was not universal, and some individual women exhibited a variable course or even an overall decrease in diversity (SI Appendix, Fig. S8 ). Delivery mode (i.e., vaginal versus cesarean section) did not affect this phenomenon (SI Appendix, Fig. S9 ). The role of other potential factors, such as active breast feeding and the use of contraceptives or antibiotics, could not be evaluated because those data were not collected after delivery. Stool and oral communities did not demonstrate similar degrees of change upon delivery.
The postdelivery shift in vaginal community diversity appeared to be particularly associated with significant declines in abundances of the most prevalent Lactobacillus species (SI Appendix, Fig. S10 and Table S6 ). Lactobacilli were replaced by a diverse mixture of bacteria, including Peptoniphilus, Prevotella, and Anaerococcus, which are typically anaerobic (SI Appendix, Fig. S11 and Table S6 ). The postdelivery changes in the vaginal communities caused them to become significantly more similar to stool communities (P < 10
, paired Wilcoxon test; SI Appendix, Fig.  S12 ). Analogous changes in similarity were not observed when comparing the vaginal communities with either of the oral communities. We found no evidence for systematic interactions between the communities at different body sites during pregnancy. The validation dataset from the second group of subjects corroborated the finding from our discovery dataset of a postdelivery shift in vaginal community diversity (SI Appendix, Fig. S13 ).
Discussion
Pregnancy is a time of dramatic host environmental remodeling as a mother accommodates and nourishes her developing fetus. Although it is believed that the indigenous microbiota plays a fundamental role in both shaping and responding to the host environment, there are relatively few data on human microbiota structure at multiple body sites with high temporal resolution during this critical time. The importance of the microbiota for maternal and fetal health is suggested by links between conditions of altered microbial community structure in the vagina (e.g., bacterial vaginosis) (12, 13) or in the oral cavity (e.g., periodontitis) (26) and preterm birth. In addition, studies of amniotic fluid from B A Fig. 4 . The high-diversity vaginal CST 4 was associated with earlier deliveries and a higher likelihood of preterm birth in the first group of 40 women. (A) Gestational age at delivery is plotted against the fraction of vaginal specimens assigned to the high-diversity CST 4 for the 33 subjects for whom at least 10 vaginal specimens were collected. The dashed line indicates the linear fit. Increased prevalence of the diverse vaginal CST was significantly correlated with earlier delivery (P = 1.1 × 10 −4 , Pearson; P = 0.0147, Spearman). (B) The fraction of specimens collected from subjects who delivered preterm is shown by specimen CST and the gestational period during which the specimens were collected. CST 4 specimens collected at any time during pregnancy were associated with a higher proportion of preterm birth. Fig. 5 . Alpha diversity pre-and postdelivery at each body site. The Shannon index is plotted versus the time at which each specimen was collected relative to delivery for the subjects in the first group of 40 subjects who provided at least one postdelivery sample. Linear fits are shown for the predelivery (red) and postdelivery (green) specimens, considered separately. Significant shifts to higher diversity were observed postdelivery in vaginal communities (P = 5.2 × 10 −6 paired Wilcoxon test) and, to a lesser extent, in the tooth/gum communities (P = 0.014) but not in saliva or stool.
women with preterm labor have revealed bacterial species indigenous to the vagina, oral cavity, and gut (6-9). Using prospectively collected samples, we analyzed the microbiota from a total of 49 women in two case-control analyses of nonoverlapping subject groups. First, we characterized the temporal dynamics of microbiota structure and composition during pregnancy in 40 women based on weekly sampling from four relevant body sites: vagina, distal gut (stool), saliva, and tooth/gum. Of note, in this discovery dataset we found that the structure and composition of the microbiota are relatively stable overall but that some site-specific communities can vary considerably over time (e.g., disparate interstate transition rates of vaginal CSTs). Despite the small number of women with premature deliveries in this study, we identified candidate vaginal community compositional profiles in early pregnancy that were significantly associated with an elevated rate of subsequent preterm birth. We subsequently analyzed vaginal samples from nine additional women and corroborated the association between the high-risk community profiles and preterm birth.
In nonpregnant women, longitudinal studies of the vaginal microbiota have demonstrated stability when viewed at a weekly timescale, punctuated by occasional daily fluctuations (25, (27) (28) (29) (30) (31) (32) . These studies also documented significant variability among individuals with respect to the typical vaginal CST and its level of stability. Certain types of communities, such as that dominated by L. crispatus, are more stable than others. Menses can disrupt vaginal community composition, albeit transiently (25) .
In pregnant women, vaginal microbial community dynamics have been less well studied, and dynamics at nonvaginal body sites have hardly been studied at all. Two recent studies by Romero and colleagues, with a sampling frequency of every 4 wk until week 24 of gestation and then every 2 wk until the last prenatal visit, provide the most meaningful comparisons with our findings (17, 18) . One study of 22 women with healthy pregnancies reported the vaginal microbiota to be more stable during pregnancy than in the nonpregnant state (18) . The other study, involving 72 women with healthy term pregnancies, described changes in the composition of the vaginal microbiota (e.g., an increase in the relative abundance of Lactobacillus species and a decrease in anaerobic species) as a function of gestational age (17) . In contrast to this latter study, we found no significant change in the taxonomic structure of the vaginal microbial communities as pregnancy progressed. Importantly, because we obtained few samples early in the first trimester, we cannot preclude the possibility of significant changes in the vaginal microbial community at the beginning of pregnancy.
Two longitudinal studies (16, 19) and two cross-sectional studies (14, 15) also used culture-independent methods to characterize vaginal communities sampled from one or more trimesters. In aggregate their findings suggested that the vaginal microbiota during healthy pregnancy mostly resembles the nonpregnant microbiota, but with an even higher prevalence of Lactobacillus species.
The results of our analysis of the distal gut microbiota differ from those from Koren et al. (24) who reported a "remodeling of the gut microbiome" based on analysis of a single time point from each of the first and third trimesters in 91 pregnant women. Although Koren et al. reported that 16 of the women in their study took probiotic supplements during pregnancy, and that seven used antibiotics, the authors could not relate changes in beta diversity in individual women to their use of either supplements or antibiotics (24) . The differences in study findings may reflect the fact that many of their subjects received a dietary intervention between those two time points.
Vaginal Community Structure. We found, as have others (11, 17, 18) , that vaginal communities exhibited distinct patterns of assembly distinguished by the dominance of a particular Lactobacillus species (i.e., CST 1, 2, 3, and 5) or by a non-Lactobacillusdominated diverse community (CST 4). The robustness of CST assignment across different studies using various methodologies supports CSTs as valid descriptors of vaginal microbial communities that can facilitate comparisons across pregnancy status and studies. The relative stability of each Lactobacillus-dominated CST in our study was similar to that reported in nonpregnant women (25) . We also found L. crispatus to be associated with increased stability of the vaginal community.
Vaginal Community Signatures of Preterm Birth. We found the highdiversity vaginal CST 4 to be associated with an increased incidence of preterm birth. Indeed, CST 4 exhibited both doseresponse (Fig. 4A) and temporal (Fig. 4B) relationships with preterm birth. This finding is consistent with previous associations between either high-diversity vaginal communities (16) or bacterial vaginosis (12, 13) and increased risk for preterm birth. Of note, if we had collected specimens less frequently than weekly, we would have missed a number of excursions to CST 4 and hence would have been hindered in associating this state with preterm birth.
Further analysis of taxa abundances within CST4 suggested that high abundance of Gardnerella combined with low abundance of Lactobacillus might be particularly predictive of preterm birth. Although this finding was based on a relatively small number of subjects, it remained significant even when the most conservative approach was taken to test the independence of samples from the same subject. The finding was confirmed with a validation dataset from nine subjects in which the one woman who had high Gardnerella in conjunction with low Lactobacillus delivered preterm. Our analysis also suggested that a high abundance of Ureaplasma combined with a low abundance of Lactobacillus is associated with preterm birth. Both Gardnerella and Ureaplasma have been implicated by a large body of literature as having potential roles in the pathogenesis of preterm delivery (SI Appendix, SI Discussion).
In their recent longitudinal study, Romero and colleagues (17) found no significant difference in taxon abundances or diversity of vaginal communities between term and preterm pregnancies. One possible reason for the contradictory results is the difference in the racial composition of our study cohorts. Previous work has demonstrated significant differences between vaginal microbial communities associated with race (11) . In addition, the study by Romero et al. included only births before gestational week 34. Our cohort was clinically more heterogeneous and included some women whose labor onset was nonspontaneous (e.g., caused by preterm premature rupture of membranes) (SI Appendix, Table S2 ). Another potentially important difference between our study and previous work, especially when considering patterns related to Gardnerella abundance, is the use of different PCR primers (18, 25) .
Vaginal Community Alteration After Delivery. We found that most women experienced a significant, abrupt, and durable alteration in the vaginal community beginning with the first sample collected postdelivery. Compared with samples from other body sites in the postpartum period, the vaginal communities became more similar to the gut communities. The mechanisms underlying this potential convergence are unknown. The persistence of the disturbance, as well as its presence after both vaginal and caesarean deliveries, argues against simple translocation of stool communities to the vagina as the primary mechanism.
The potential impact on maternal health of the postdelivery shift of the vaginal community also is unknown but includes the possibility that a persistently altered vaginal community might affect the outcome of a subsequent pregnancy if conception occurs too soon after delivery. A short interpregnancy interval (e.g., <12 mo) is associated with an increased risk of preterm birth. Whether an altered postdelivery vaginal community plays a contributing role warrants further study.
Materials and Methods
To enhance the reproducibility of our results, the reader will find all the code necessary to reproduce the analyses and figures presented in this article available at statweb.stanford.edu/∼susan/papers/PNASRR.html. This website includes pointers to the R markdown files, the output in html, and to the data in the form of OTU count tables. OTU tables and associated data are provided in Datasets S1 and S2.
Study Population and Sampling Procedures. Pregnant women age 18 y or older presenting to the obstetrical clinics of the Lucille Packard Children's Hospital at Stanford University for prenatal care were enrolled, and two case-control groups were selected. The first consisted of 40 women, 11 of whom delivered preterm; the second consisted of nine women, four of whom delivered preterm. Specimens from the vagina, stool, saliva, and tooth/gum were self-collected by participants weekly from the time of study enrollment until delivery and monthly from the time of delivery for up to 12 mo. For further information, see SI Appendix, SI Methods and Tables S1 and S2. DNA Extraction, 16S rDNA Amplification, and Amplicon Sequencing. After extraction of genomic DNA, the V3-V5 region of the 16S rRNA gene was PCRamplified from 3,767 vaginal, stool, saliva, and tooth/gum specimens from the 40 women in the first group and analyzed with pyrosequencing as a discovery dataset. The V4 region was amplified from 246 vaginal specimens from the nine women in the second group and analyzed with Illumina-based sequencing as a validation dataset.
Sequence Filtering, OTU Clustering, and Chimera Removal. The two datasets were analyzed similarly but separately. Initial quality processing was performed using QIIME version 1.7 (qiime.org), followed by global trimming to 350 bases and filtering. Raw Illumina read-pairs were quality filtered, merged, and de-multiplexed. OTU clustering at a 97% sequence identity threshold was performed using the UPARSE algorithm. After OTU clustering, removal of chimeric sequences was performed in a stringent two-step process. See SI Appendix, SI Methods for details.
Bioinformatics Approach and Statistical Analysis. Statistical analyses were performed using 'R' language and environment [R 2014, https://www.rproject.org version 3.1.1, including phyloseq (33) ] and other packages. See SI Appendix, SI Methods for details.
Evaluating Trends with Gestational Time. Changes in stability and diversity over the course of pregnancy were evaluated by LME modeling using the nlme::lme function in R. The subject was included as a random effect for both the intercept and the slope of the estimated fit. In all cases, the analysis of trends with gestational time was repeated with multiple measures of stability and diversity.
Evaluating Differential Abundance. DESeq2 (34) was used to perform paired (by subject) two-class testing for differential relative abundance and to perform unpaired testing for associations between differential abundance within CST 4 specimens and preterm delivery. OTUs were considered significantly differentially abundant between classes if their adjusted P value was <0.1 and if the estimated fold change was >1.5 or <1/1.5.
Clustering into CSTs. First, the Bray-Curtis distance between all samples was calculated. This distance matrix was denoised by extracting the most significant Principal Coordinates Analysis (PCoA) eigenvectors. The partitioning around medoids algorithm (pam in R) was applied to these PCoA distances. The number of clusters (k = 5) was determined from the gap statistic (SI Appendix, Fig. S14 ) (35) .
Estimating Vaginal CST Transition Rates. Before vaginal CST transition rates were estimated, the dataset was restricted to pairs of consecutive samples collected 4-10 d apart. This set of 652 paired samples had time-separations of 4-10 d (mean 6.96 d) and a first-quartile, third-quartile, and median of 7 d. The 1-wk transition rate was quantified as the maximum-likelihood estimate from this set of paired samples.
